INTRODUCTION
Possibilities for the application of solar systems based on photovoltaic conversion of solar energy are very wide, primarily because of their relatively low cost and very important fact that solar energy is most acceptable source of electrical energy from the environmental point of view. Solar cells, the basic elements for photovoltaic conversion of solar energy, are especially susceptible to high temperatures and radiation damage, primarily due to their large surface. Degradation of electrical and optical characteristics of the solar cells as photo detectors in the irradiation conditions is one of the most important limitating factors for their application. In recent papers the efficiency and properties of solar cells in terms of various irradiation conditions have been observed [1] [2] [3] .
A solar cell is an electronic device which directly converts sunlight into electricity. Light shining on the solar cell produces both a current and a voltage to generate electric power. This process requires firstly, a material in which the absorption of light raises an electron to a higher energy state, and secondly, the movement of this higher energy electron from the solar cell into an external circuit. The electron then dissipates its energy in the external circuit and returns to the solar cell. A variety of materials and processes can potentially satisfy the requirements for photovoltaic energy conversion, but in practice nearly all photovoltaic energy conversion uses semiconductor materials in the form of a p-n junction [4] .
The basic solar cell parameters are: I-V curve, shortcircuit current (Isc), open-circuit voltage (V OC ), fill factor (FF), efficiency (η), series resistance (R S ) and shunt resistance (R sh ).
The short-circuit current depends on a number of factors, the area of the solar cell, the number of photons, the spectrum of the incident light, the optical properties etc. When comparing solar cells of the same material type, the most critical material parameter is the collection probability which depends chiefly on the diffusion length and surface passivation. In a cell with perfectly passivated surface and uniform generation, the equation for the short-circuit current can be approximated as:
where G is the generation rate, and L n and L p are the electron and hole diffusion lengths respectively. The equation (1) indicates that the short-circuit current depends strongly on the generation rate and the diffusion length [5] . The V OC can be determined from the carrier concentration [6] :
where kT/q is the thermal voltage, N A is the doping concentration, Δn is the excess carrier concentration and n i is the intrinsic carrier concentration. The fill factor is a parameter which, in conjunction with V oc and I sc , determines the maximum power from a solar cell. The FF is defined as the ratio of the maximum power from the solar cell to the product of V oc and I sc .
The most commonly used expression for the FF can be determined empirically as [7] :
FME Transactions
The efficiency is the most commonly used parameter to compare the performance of one solar cell to another and is defined as the ratio of energy output from the solar cell to input energy from the sun. The efficiency of a solar cell is determined as the fraction of incident power which is converted to electricity and is defined as [8] :
where η is the efficiency and P in is input power. Series resistance in a solar cell has three causes: firstly, the movement of current through the emitter and base of the solar cell; secondly, the contact resistance between the metal contact and the silicon; and finally the resistance of the top and rear metal contacts. The main impact of series resistance is to reduce the fill factor, although excessively high values may also reduce the short-circuit current.
Significant power losses caused by the presence of a shunt resistance, R sh , are typically due to manufacturing defects, rather than poor solar cell design. Low shunt resistance causes power losses in solar cells by providing an alternate current path for the lightgenerated current. Such a diversion reduces the amount of current flowing through the solar cell junction and reduces the voltage from the solar cell [5] .
Solar cells are especially susceptible to radiation damage, primarily due to their large surface. The lifetime of the solar cell is restricted by the degree of radiation damage that the cell receives. This is an important factor that affects the performance of the solar cell in practical applications. Negative influence of radiation on electrical characteristics of the semiconducting devices is a well known and thoroughly investigated fact, especially when working in hostile conditions [9, 10, 11] . Solar cells used in space are exposed to all kinds of radiation, both wave and particle. Their special design (surface to volume ratio) makes them susceptible to radiation damage, and improvement of electrical performance of such damaged cells is the aim of many experiments [12, 13] .
Gamma ray (high energy photons) interacts with material and creates two effects, the first one is ionization through Photoelectric effect, Compton scattering or pair production (depending on the energy of incident radiation) and the second one is atomic displacement. This displacement creates additional atomic movement on its track that may result in a cluster of defects into the atomic lattice. If the energy of gamma ray is high enough (above several hundred keV) the pair generation occurs. The energy spectrum of the energetic electrons is called "slowing spectrum". The energetic electron interacts with a lattice atom. As a result, the lattice atom is displaced from the lattice site. This is so called primary knock on atom (PKA) [14, 15] . Interstitial PKA, vacancy, and complex of them form a deep level in bandgap (so-called the generationrecombination centre). The recombination centres in bulk region cause the reduction of carrier life time. In addition the deep levels compensate the donor or acceptor levels resulting in the reduction of effective carrier concentration, carrier removal (CR) effect. It affects the depletion layer width by becoming wider [16] .
Neutron, as relatively heavy and uncharged particle, does not possess the ability for direct ionization of materials. The basic mechanism of the neutron interaction with the environment is through the elastic collision with the atomic cores of that environment while interaction with the electrons is negligible. Collision of neutrons with atoms in the crystal lattice cause displacement of atoms from the lattice forming a pair of interstitial atom and vacancy called the Frenkel defect. Primary displaced atoms typically have enough energy to create secondary defects. These vacancies may combine with dopant and impurity atoms to form stable defects, which, in turn, may serve as recombination centers, decreasing carrier lifetime. The decrease in carrier lifetimes in doped semiconductor materials after neutron fluence exposure has been characterized as an abrupt decrease followed by a rapid short-term anneal (on the order of a few hours) and a long-term anneal (on the order of months), in which the carrier lifetime increases [17] . Axness et al. [18] show that the lattice damage and carrier lifetime degradation are spatially dependent.
The aim of this paper is to present the parallel picture of gamma and neutron irradiation effects on solar cells parameters in order to make comparative review of degradation of solar cell structure in both cases.
EXPERIMENTAL PROCEDURE
Experimental measurement in this paper was carried out on the commercially available monocrystalline silicon solar panels (maximum power voltage 4.0V, maximum power current 100.0mA, dimension: 70*65*3.2mm).
First group of solar panels was irradiated with Co 60 gamma source with dose of 2000Gy, the energy of 1.25MeV, and half-life time of 5.27 years (this energy is sufficient for the creation of electron-hole pairs). The dose rate was 100Gy/h at a distance of 150mm away from the radioactive source. Irradiation was performed through glass in controlled environment. The dose rate was measured by electrometer UNIDOS with ionization chamber TW 30012-0172, produced by PTW, Germany. Measurement uncertainty of the system is less than 1.2%. The components were irradiated in the air at a temperature of 21°C and relative humidity of 40% to 70%. Irradiation was performed in professional laboratory at the Department of Radiation and Environmental Protection of the Vinča Institute of Nuclear Sciences in Belgrade, Serbia. Second group of solar panels have been exposed to neutron and gamma radiation from 241 Am-Be source, which is housed in the SSDL (Secondary Standard Dosimetry Laboratory) Institute of Nuclear Sciences "Vinča", Belgrade.
241 Am-Be source emits gamma photons of low energy (60keV and 14keV), so that for the activity of 3.7x10 10 Bq, calculated the photon equivalent dose rate is Ĥ γ =12mSv/hr, and the photon absorbed dose rate is Ď γ =12mGy/hr at a distance of 5cm from the source. The intensity of the neutron emission from this source is 2.7x10 6 neutrons s -1 , and the mean energy of the neutrons E nav =5.5MeV. Based on measurements of the quality factor for this neutron spectrum Q n =7, calculated the neutron absorbed dose rate Ď n =1.714mGy/hr and the equivalent dose rate of neutrons Ĥ n =12mSv/hr. This means that at 5cm distance from the 241 Am-Be source with a total absorbed dose rate is Ď tot =13.714mGy/hr, while the total equivalent dose is Ĥ tot =24mSv/hr. In this experiment, the semiconductor devices were placed at a distance of 5cm from the 241 Am-Be source, and the exposure period was 16.75hr. In this interval, the material components received of the total absorbed dose in the amount of D tot =229.71mGy, and respectively, the total equivalent dose H tot =402mSv. The components were irradiated in the air at a temperature of 21°C and relative humidity of 40% to 70%.
Before the irradiation, immediately after the irradiation and one month after the irradiation, solar cell parameters (series and parallel resistance, open-circuit voltage, short-circuit current and fill factor) have been measured in highly controlled conditions at room temperature. During the measurement, the samples were removed from the experimental room after absorption of the anticipated dose of radiation.
The third measurement has been undertaken one month after the irradiation, in order to give enough time for sample recovery. For this reason, the changes occurring in the samples can be considered as a permanent. Standard measurement equipment was used for measurement. The professional digital multimeter AMPROBE 33XR was used for the current measurement. Combined measurement uncertainty for all measurements was less than 1.2% [19, 20] .
RESULTS AND DISCUSSION
The basic solar cell parameters before and after gamma and neutron irradiation are shown in Fig. 1 . to 6. Both gamma and neutron radiation has the similar impact on solar cell parameters (Fig. 2 to 6 ) with the exception of series resistance. Neutron irradiation decreases the series resistance and gamma irradiation increases it (Fig. 1) . High level of series resistance after gamma irradiation usually indicate the presence of impurity atoms and defects localized in the depletion region acting as traps for recombination or tunnelling effects, increasing dark current of the cell.
Zdravković et al. [21] show that the series resistance has been decreased for the higher neutron irradiation doses. It could be explained by the fact that during fabrication process of any semiconducting device, structural defects and impurities that were unavoidably made produce tension in the crystal lattice. Some irradiation doses could lead, similar to the annealing, to the relaxation of crystal structure and the decease of series resistance. The decrease of shunt resistance indicates the presence of defects introduced by irradiation. Gamma radiation causes more significant displacement damage (defects) than neutron radiation so the reduction of shunt resistance is greater (Fig. 2) . Short-circuit current strongly depends on the electron and hole diffusion lengths, refer to (1), so, since the gamma and neutron radiation reduces the diffusion length, the short-circuit current will also decrease (Fig. 3) .
Radiation damage due to neutrons is, as mentioned above, primarily connected to the displacement of silicon atoms from their lattice sites in the crystalline silicon solar cells, leading to destruction and distortion of local lattice structure and formation of defects. If, under the influence of neutrons, stable defects are made, they could, together with impurity atoms, donors and for example implanted atoms, form complex defects acting as recombination sites or traps, significantly decreasing minority carrier lifetime. This lifetime decrease produces degradation of electrical parameters of the cell, such as series resistance (Rs), output current and finally efficiency (η) [12] , as it shown in Fig. 1, 3 and 6 . Tobnaghi et al. [22] observed a deterioration of the electric properties of solar cells under gamma irradiation when the gamma dose was increased (1 to 20 kGy). It has been showed that, except the fill factor, which in some cases showed increased or relatively steady values, gamma radiation causes a significant reduction in the Isc and η while the Voc is slightly reduced. The equation (3) indicates that with the decreasing of the open-circuit voltage, the fill factor will also decrease as it Fig. 4 and 5 show.
Output parameters of solar cell such as maximum output power, fill factor, efficiency, short circuit current and open circuit voltage strongly depend on internal parameters of solar cells such as series resistance. It has been proved that increasing of solar cell series resistance by the gamma radiation causes that the output parameters of solar cells decreased [23] . Fig. 3 to 6 confirm that. Efficiency directly depends on V OC , I SC and FF (4) . Decreasing all of these parameters causes significant reduction of solar cell efficiency (Fig. 6) .
In the presence of both series and shunt resistances, the fill factor of the solar cell is given by [21] 
where FF 0 is the fill factor which is not affected by the series and shunt resistance. The equation (5) indicates impact of both series and shunt resistance on fill factor. According to (5) , increasing of series resistance or/and decreasing of shunt resistance causes the decreasing of fill factor. Fig.  1, 2 and 5 confirm it.
For this research, the long-term isothermal annealing at room temperature was used. The vacancies and interstitials are quite mobile in silicon at room temperature and hence, are referred to as unstable defects. After vacancy introduction by irradiation, vacancies move through the lattice and form more stable defects, such as divacancies and vacancy-impurity complexes. During the process of annealing, defects cluster and some electrical inactive defects become active in a cluster. When electrical properties are monitored during this defect rearrangement (or annealing) process, a decrease in the effectiveness of the damage with increasing time is typically observed [25, 26] .
The effects of gamma radiation on the samples are slightly higher than those of neutron radiation. Probable cause is the radiation dose which is higher on gamma radiation.
CONCLUSION
Degradation of the main parameters of the solar cells and their improvement, as a consequence of annealing, was observed for all used samples. The results confirm that both gamma and neutron irradiation leads to degradation of solar cell parameters and then annealing improves it. Those parameters, in annealing process, were managed to recover to a value near the initial (the one before the irradiation). The combination of cells in the panel construction is a possible cause of this.
With the exception of series resistance, both gamma and neutron radiation has the similar impact on solar cell parameters. Neutron irradiation decreases the series resistance while gamma irradiation increases it.
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УПОРЕДНА СТУДИЈА ЕФЕКАТА ГАМА И НЕУТРОНСКОГ ОЗРАЧИВАЊА НА ПАРАМЕТРЕ СИЛИЦИЈУМСКИХ СОЛАРНИХ ЋЕЛИЈА Дејан Николић, Александра Васић-Миловановић
Због широког подручја примене, соларне ћелије су, у свом радном окружењу, изложене различитим врстама зрачења (космичко зрачење у горњим слојевима атмосфере, војна и цивилна нуклеарна постројења). Штавише, коришћено нуклеарно гори-во у исто време емитује и γ фотоне и неутроне тако да се у соларним ћелијама смештеним у близини ових горива јављају различите врсте радијационих оштећења. Ова оштећења су узрокована и гама и неутронским зрачењем. Због тога су предузимана врло опсежна истраживања са циљем развоја полупроводничких уређаја чији рад ће бити поуздан и у условима повећаног нивоа зрачења. Са технолошког аспекта, важно је утврдити промене, узроковане зрачењем, у параметрима соларних ћелија које утичу на њихов рад. Циљ овог рада је да се представи упоредна студија ефеката гама и неутронског озрачивања на параметре соларних ћелија.
